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I.  INTRODUCTION 


In  a  proposal  entitled  "Introduction  of  Novel  Rheological  Evaluation  Techniques 
and  Processability  Analyses  to  Continuous  Propellant  Manufacturing 
Operations,"  the  following  tasks  were  proposed  to  PBMA  : 

1)  Engineering  analyses  which  encompassed  the  services  related  to  the 
implementation  of  Stevens  rheometer  (designed  and  built  at  Stevens  and 
currently  on-loan  to  NSWC/Indian  Head)  and  various  aspects  of  processing  at 
Thiokol  for  PBMA  defined  tasks. 

2)  Survey  of  devices  and  techniques  to  determine  the  particle  size  distribution  of 
solid  ingredients  of  propellants. 

3)  Development  of  maximum  packing  fraction  as  a  tool  of  analysis  and  quality 
control. 

4)  Evaluation  of  the  particle  segregation  problem  for  continuous  feeding  of  the 
solid  ingredients  at  Thiokol. 

5)  Application  of  various  on-line  monitoring  techniques  at  Thiokol  and  evaluation 
of  strategies  for  process  control. 

During  the  course  of  the  year,  various  aspects  of  the  program  were  modified 
following  the  requests  of  PBMA  and  under  the  management  of  ONR.  The 
accomplishments  and  the  deliverables  were  the  following: 


II.  RESULTS: 


*A  new  analytical  model  of  pressurization  in  regular  flighted  screw  elements, 
i.e.,  pressurization  section  of  twin  screw  extruder,  was  developed.  This 
analytical  model  allows  simplified  calculations  for  design  and  selection  of  twin 
screw  extruder  sections  to  be  made.  The  developed  analytical  model  provides 
design  expressions  involving  production  rate  versus  pressurization  rate  and 
viscous  energy  dissipation  given  the  screw  geometry,  material  properties,  and 
operating  conditions.  Detailed  distributions  of  velocity  and  stress  are  also 
obtained.  The  model  accommodates  the  use  of  different  slip  parameters  at 
barrel  and  screw  surfaces.  Copies  of  the  papers  are  included  in  the  Appendix. 

•  The  analytical  model  developed  for  the  enhancing  of  the  design  and  screw 
evaluation  efforts  of  Thiokol  was  incorporated  into  a  user  friendly  source  code 
for  Thiokol's  use  and  was  shipped  to  Thiokol.  The  program  was  written  in 
FORTRAN  and  interfaced  into  a  VISUAL  BASIC  based  source  code.  The 
source  code  was  prepared  for  the  IBMAA^INDOWS  platform  for  easy 
implementation  by  Thiokol.  The  source  code  can  be  run  without  the  need  to 
understand  programming  or  modeling  and  can  be  used  by  technicians. 

•  A  model  and  computer  program  (again  in  FORTRAN  plus  VISUAL  BASIC) 
were  prepared  for  the  determination  of  the  maximum  packing  fraction  of  solid 
ingredients.  This  source  code  is  to  be  used  to  pinpoint  detrimental  changes  in 
the  particle  size  distributions  of  the  solid  ingredients  of  propellants,  which  will 
adversely  affect  their  processability  and  the  ultimate  quality  of  the  propellant. 
The  source  code  was  prepared  to  run  on  IBMA/VINDOWS  platform  and  is  very 
user  friendly.  The  source  code  was  delivered  to  Thiokol. 
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•  A  new  apparatus  was  built  at  Stevens  for  the  experimental  determination  of  the 
maximum  packing  fraction.  This  device  gives  a  second  capability  to  PBMA 
and  its  contractors  in  this  area  and  can  be  used  (if  modified)  for  the  day-to-day 
quality  control  of  incoming  solid  ingredients. 

•  A  new  research  and  quality  control  apparatus  with  sample  ports  was  built  at 
SIT  to  analyze  quantitatively  the  segregation  of  powders  according  to  their 
sizes  upon  vibration  (as  might  occur  in  continuous  feeding).  This  device  was 
used  to  document  the  segregation  problems  in  continuous  processing 
especially  the  segregation  of  melamine  formaldehyde  simulant  powders.  A 
copy  of  a  paper  which  summarizes  the  results  is  included  in  the  Appendix. 

•  A  new  x-ray  based  technique  was  developed  and  proven  at  SIT  for  the 
characterization  of  the  particle  size  distribution  of  powders.  This  novel 
technique  is  ideal  for  on-line  process  control  and  can  be  implemented  (if 
adapted  for  such  use)  to  Thiokol  operations  for  on-line  process  control  of 
incoming  powder  feed.  A  final  report  was  submitted  on  June  18,  1993. 

•  A  new  technique  developed  earlier  to  study  the  degree  of  mixing  of  the 
ingredients  of  highly  filled  suspensions  (applicable  to  propellants)  was  applied 
to  determine  the  degree  of  mixedness  of  samples  mixed  using  different 
extrusion  systems.  The  report,  which  included  the  analysis  of  samples 
processed  using  APV  and  W  &  P  extruders,  was  delivered  to  PBMA  on  June  3, 
1993. 


A  report  outlining  the  basic  devolatilization  guidelines  which  needs  to  be 
followed  by  Thiokol  Corporation  was  submitted  to  Thiokol  on  February  22, 
1993. 


Detailed  fundamental  information  regarding  proper  selection  of  operating 
parameters  in  twin  screw  extrusion  was  prepared  in  December  '92  and 
modified  a  number  of  times  upon  the  input  of  PBMA/Mr.  David  Fair.  This 
information  will  allow  the  Government/Industry  and  Academia  to  speak  a 
common  language.  It  also  identifies  major  safety  concerns  in  twin  screw 
extrusion  processing  of  gun  propellants  and  should  be  used  extensively  by 
Thiokol. 

A  report  on  the  experimental  design  of  LOVA  XM  43  processing  was  submitted 
to  Thiokol  on  February  4,  1993. 

A  report  detailing  the  x-ray  technique  developed  for  particle  size  distribution 
analysis  and  application  to  aluminum  powders  was  submitted. 

Information  and  design  analyses  were  provided  to  PBMA  and  its  contractors 
on  an  as  needed  basis.  These  analyses  included  feedback  on  design,  use  of 
our  on-line  rheometer  and  solvent  recovery.  The  adjustable  gap  rheometer 
invention  was  filed  for  a  patent  and  the  Government  was  given  a  non-exclusive 
license  for  its  use. 

Experiments  for  the  analysis  of  the  segregation  of  melamine  powders  (used  by 
Thiokol  as  simulants  for  RDX)  were  carried  out.  A  report  was  submitted  on 
July  20,  1993  entitled  "Assessment  of  Segregation  Effect,  for  Melamine 
Powder  Subjected  to  Vibration".  A  further  manuscript  entitled  "Effects  of 


Segregation  on  the  Packing  of  Symmetric  and  Asymmetric  Particles  with 
Multimodal  Particle  Size  Distributions  was  submitted  to  PBMA  and  Thiokol. 

•  Upon  the  input  of  PBMA,  information  regarding  the  application  of  goodness  of 
mixing  analysis  techniques  to  extruded  samples  was  given  to  NSWC. 

•  Upon  the  request  of  PBMA  a  crash  program  on  the  mixing  and  rheology  of 
CAB  based  LOVA  formulations  was  carried-out.  This  project  was  completely 
outside  the  scope  of  our  original  proposal.  A  comprehensive  report  dated  June 
28,  1993  was  submitted  to  PBMA  and  Thiokol. 

With  these,  all  of  our  promised  and  later  modified  objectives  are  fully  completed. 
The  funds  for  FY  92  are  completely  spent  by  July  14,  1993. 

III.  CONCLUSIONS  AND  ACKNOWLEDGMENTS: 

This  funding  originating  from  the  USArmy  Production  Base  Modernization  Activity 
(PBMA)  in  Picatinny  Arsenal  Army  Base  in  New  Jersey  and  managed  by  ONR 
allowed  us  to  contribute  directly  to  engineering  analysis  and  design  tasks 
associated  with  the  PBMA  and  its  contractor  Thiokol  Corporation  at  Longhorn, 
LA.  The  engineering  analysis  results  were  of  direct  benefit  to  Thiokol 
Corporation  and  PBMA.  Various  design  improvements  and  data  necessary  for 
plant  design  emanated  from  our  contributions.  They  should  have  a  solid  impact 
on  the  future  progress  of  the  prototype  facility  to  produce  LOVA  formulations  to 
be  built  by  Thiokol  Corporation  under  the  sponsorship  of  the  US  Army. 


The  other  progress  reports,  papers,  computer  programs  and  other  design  and 
analysis  tools  relevant  to  this  project  are  available  from  Professor  Dilhan  M. 
Kalyon  at  Stevens  Institute  of  Technology  [201  216  8225,  fax  5601] 

We  are  very  grateful  to  US  Army  and  ONR  for  this  funding  which  we  received. 
We  also  thank  our  Program  Managers  Mr.  David  F.  Fair  of  PBMA  and  Dr. 
Richard  S.  Miller  of  ONR  for  their  diligent  guidance. 
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Abstract 

The  packing  of  particles  is  important  in  the  processing  of  the  powders  and  in  the  ultimate  properties  of  articles  processed 
from  the  powders.  Using  an  apparatus  originally  designed  for  the  experimental  determination  of  the  packing  density  of  powders, 
segregation  effects  with  spherical  and  nonspherical  particles  with  low  aspect  ratios  were  studied.  The  segregation  of  the  powder 
samples  according  to  particle  sizes  occurred  upon  vibration  of  the  bed,  following  the  well-known  mechanisms  of  segregation 
according  to  size  and  elutriation  segregation  due  to  entrainment  of  particles  in  air.  Segregation  effects  were  also  demonstrated 
with  a  melamine  powder  which  consisted  of  nonspherical  particles  with  low  aspect  ratios.  Furthermore,  additional  data  are 
provided  for  the  packing  density  values  of  spherical  particles  with  multimodal  particle  size  distributions,  which  further  support 
the  theory  of  Ouchiyama  and  Tanaka  on  the  packing  of  spherical  particles,  when  segregation  effects  are  not  significant. 

Keywords:  Segregation;  Packing 


1.  Introduction 

The  proper  selection  of  the  size  and  shape  distri¬ 
butions  of  particulate  materials  is  critical  in  various 
industries,  which  include  ceramics,  pharmaceuticals, 
detergents,  magnetic  media,  batteries  and  propellants/ 
explosives.  The  products  of  such  large-scale  industrial 
operations  rely  on  the  ability  to  tailor  the  size  and 
shape  distributions  of  solids  to  achieve  high-density 
packing  arrangements  which  maximize  the  amount  of 
solids  per  unit  volume.  Various  experimental  and  the¬ 
oretical  methods  for  the  analyses  of  particle  packing 
are  available  [1-14]. 

In  1930,  Westman  and  Hugill  [1]  studied  the  packing 
of  unimodal  and  bimodal  spherical  particles  experi¬ 
mentally  and  determined  the  limiting  cases  for  the 
maximum  packing  of  spherical  particles  with  a  bimodal 
size  distribution.  Furnas  [2]  showed  the  dependence 
of  the  packing  density  on  the  diameter  ratio  of  small 
to  large  particles  and  their  fractional  volumes.  Scott 
[3]  estimated  the  packing  fraction  of  uniform  spherical 
particles  using  cylindrical  and  spherical  containers. 
Pouring  of  unimodal  and  noncohesive  spherical  particles 
into  rigid  containers  generates  a  random  packing  frac- 
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tion  between  0.6  and  0.64  [1-3],  ^ 

McGeaiy  [4]  used  experimental  and  visual  techniques 
to  study  the  packing  of  spherical  particles  in  cylindrical 
tubes,  using  both  binary  and  ternary  mixtures  of  particle 
sizes.  For  binary  mixtures  for  which  the  ratio  of  particle 
diameters  exceeded  7,  the  maximum  packing  fraction 
values  were  around  0.8.  Below  a  particle  diameter  ratio 
of  7,  the  maximum  packing  fraction  decreased  signif¬ 
icantly.  Debbas  and  Rumpf  [5]  treated  spherical  solid 
particles  and  voids  as  two  components  in  the  packing 
process  and  studied  the  packing  of  various  particulates 
with  broad  size  distributions. 

Ouchiyama  and  Tanaka  [6-8]  developed  a  packing 
model  to  predict  the  pacldng  densities  of  spherical 
particles.  Starting  with  the  number  of  contacts  between 
the  spherical  particles  and  the  porosity,  a  simplified 
relationship  between  the  maximum  packing  fraction 
and  the  particle  size  distributions  of  spherical  particles 
was  derived.  This  relationship  was  verified  experimen¬ 
tally  [6]. 

Gupta  and  Seshadri  [9]  used  the  packing  model  of 
Ouchiyama  and  Tanaka  [7]  and  the  experimental  data 
on  suspension  rheology  generated  by  Chong  et  al.  [10] 
to  show  the  accuracy  of  the  theory  proposed  by  Ouchi¬ 
yama  and  Tanaka  [6-8].  Poslinski  et  al.  [11]  applied 
the  maximum  packing  fraction  model  of  Ouchiyama 
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and  Tanaka  [6-8]  to  glass  spheres  with  bimodal  size 
distributions.  It  is  also  possible  to  predict  the  packing 
fractions  via  the  Monte  Carlo  numerical  simulation 
techniques  as  obtained  by  Visscher  et  al.  [12].  The 
packing  of  asymmetric  particles  such  as  rods  and  spheres 
has  also  been  studied  [13]. 

Large-scale  industrial  operations  involving  particulate 
solids  depend  on  various  solids  handling  techniques, 
including  flow  through  bins  and  hoppers,  and  pneumatic 
conveying.  In  such  operations  when  a  column  of  solids 
is  disturbed  through  vibration,  shaking  and  stirring, 
gaps  between  particles  are  generated  which  allow  smaller 
particles  to  percolate  downwards  [14],  Such  a  segre¬ 
gation  of  particles  according  to  size  and/or  density  may 
be  detrimental  to  the  quality  of  the  product.  The 
segregation  problem  was  addressed  by  O’Brien  et  al. 
[15]  using  Monte  Carlo  simulation. 

Matsumoto  et  al.  [16],  and  Popplewell  and  Peleg  [17 
discuss  the  effects  of  segregation  on  the  operation  of 
fluidized  beds  and  bubble  columns.  Alonso  et  al.  [18] 
proposed  a  simplified  analysis  to  generate  a  segregation 
index. 

In  this  paper  spherical  and  nonspherical  particles 
with  multimodal  size  distributions  are  used  to  investigate 
their  packing  and  segregation  behavior.  An  industrially 
relevant  powder  with  particles  of  low  aspect  ratio,  i.e. 
a  melamine  powder,  is  also  included  in  the  study. 

2.  General  background 
2i.  Packing  of  uniform  spheres 

The  packing  fraction  of  particulates,  is  defined 
as  the  ratio  of  the  volume  of  solids  to  the  total  volume, 
i.e.  voids  plus  solid.  When  the  void  volume  reaches  a 
minimum  for  a  given  ^stem,  one  obtains  the  maximum 
packing  fraction,  From  geometric  considerations, 
it  is  possible  for  uniform  spheres  to  be  arranged  into 
several  different  packing  arrays  such  as  simple  cubic, 
orthorhombic,  tetragonal-sphenoidal  and  rhombohed- 
ral,  which  have  maximum  packing  fractions  of  0.5336, 
0.6046, 0.6981  and  0.7405,  respectively  [4].  In  the  random 
packing  of  uniform  spheres  in  cylindrical  containers, 
simple  cubic  and  rhombohedral  arrangements  of  par¬ 
ticles  are  unstable.  In  contrast,  the  orthorhombic  and 
tetragonal-sphenoidal  arrangements  are  stable  [3,4]. 
Experimentally,  the  packing  fraction  of  uniform  spheres 
is  observed  to  be  around  0.619,  indicating  that  indeed 
the  orthorhombic  structure  is  one  of  the  predominant 
arrangements  [4]. 

2.2.  Packing  of  bimodal  distribution  of  spheres 

It  is  possible  to  increase  beyond  0.619  by  in¬ 
creasing  the  modality  of  the  packing  mixture  [4-13]. 


For  a  binary  mixture,  the  ratio  of  the  diameter  of  the 
larger  spheres  to  that  of  the  small  spheres,  a,  plays 
an  important  role.  For  a  >7,  the  small  particles  can 
fit  easily  into  the  interstitial  spaces  between  the  larger 
spheres.  This  increases  the  packing  fraction.  On  the 
other  hand,  for  a  <7,  the  packing  efficiency  diminishes 
rapidly  [4].  The  maximum  packing  fraction  is  also  a 
function  of  the  mixing  ratios  (volume  fraction)  of  the 
two  components.  Fig.  1  shows  the  maximum  packing 
fractions  of  bimodal  mixtures  of  spheres  for  various 
values  of  a  as  a  function  of  the  volume  fraction  of 
small  spheres.  The  curves  which  begin  and  terminate 
at  0.619  were  generated  by  the  packing  model  of 
Ouchiyama  and  Tanaka  [6-8]: 

Vmax  -  . , 

2[(A- +-Daf  -  (A 

(1) 

where 

l)A  X(A"-(A~Af)/: 

(2) 

and 

d,='2dy,  (3) 


VOLUME  FRACTION  SMALL  SPHERES  ■ 

Fig.  1.  Packing  curves  for  various  diameter  ratios  according  to 
Ouchiyama  and  Tanaka  [6-8]  and  limits  provided  by  Westman  and 
Hugill  [1],  i.e.  AB  and  CD,  (O)  [6-8],  a^A;  (V)  [6-8],  a “5;  (□) 

[6-8],  a  =  7;  (A)  [6^,  a=10;  (O)  [6-8],  a=20;  ( - ),  [6-8];  ( - ) 

AB;  ( - )  CD. 
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In  the  above  equations,  is  the  maximum  packing 
\  of  uniform  spheres,  Z),  is  the  average  diameter  of 
^  particles,  is  the  diameter  of  the  iih  size  fraction, 
is  defined  as  follows  [6]: 

(A~D.)  =  0forA<Z).  (4) 

and 

(A~jD.)=A--DaforA>I». 

The  number  fraction  of  the  ith  component,/-  is  defined 
by: 


(5) 


where  Vi  is  the  volume  fraction  of  the  ith  component 
in  the  mixture. 

The  solid  curve  with  the  positive  slope  in  Fig.  1  is 
obtained  from  Eq.  (18)  of  Ouchiyama  and  Tanaka  [7], 
assuming  that  the  porosity  value  obtained  upon  ideal 
packing  of  unimodal  spheres  is  0.381.  It  is  given  by: 


^  0.619 

4>m 


(6) 


Here  is  the  volume  fraction  of  bed  material.  This 
packing  equation  is  base'd  on  the  assumption  that  the 
smaller  particles  completely  fill  the  interstices  of  the 
larger  particles.  To  verify  the  validity  of  the  equations, 
the  upper  and  lower  limits  for  a  binary  mixture,  as 
considered  by  Westman  and  Hugill  [1],  are  also  plotted 
in  Fig.  1.  Upon  addition  of  smaller  spheres  to  a  bed 
of  larger  spheres,  the  smaller  spheres  are  completely 
embedded  in  the  interstitial  space  between  the  larger 
spheres  and  the  maximum  packing  fraction  increases, 
as  depicted  by  the  dashed  line,  AB,  in  Fig.  1.  On  the 
other  hand,  upon  addition  of  a  few  large  spheres  to 
a  large  quantity  of  infinitely  small  spheres,  the  large 
spheres  will  be  completely  immersed  in  the  small 
spheres.  This  situation  is  depicted  by  line  CD  in  Fig. 
1. 

At  low  concentrations  of  small  spheres  and  at  high 
a  values,  Eq.  (1)  predicts  higher  packing  fraction  values 
than  the  limits  suggested  by  Westman  and  Hugill  [1]. 
It  is  clear  from  Fig.  1  that  as  a  increases  for  a  given 
volume  fraction  of  small  spheres,  increases.  For 
a  given  a,  the  mixing  ratio  of  the  spheres  can  be 
optimized  to  maximize  the  total  solids  content  of  the 
solid  particles  per  unit  volume.  This  maximum  packing 
density  occurs  at  the  apex  of  the  intersection  of  Eqs. 
(1)  and  (6).  This  apex  shifts  to  higher  concentrations 
of  smaller  spheres  as  a  increases.  For  any  given  ratio 
of  the  diameter  of  larger  spheres  to  the  diameter  of 
smaller  spheres,  the  packing  behavior  is  represented 
by  the  curve  defined  by  Eq.  (6)  up  to  the  intersection 
with  the  curve  defined  by  Eq.  (1). 


2.5.  Segregation  of  bimodal  system  of  spheres 


Various  handling  operations  for  solids,  i.e.  the  use 
of  gravity-driven  columns,  drag-flow-based  extruders 
and  pneumatic  systems  which  involve  the  entrainment 
of  the  particles  in  high-velocity  air,  can  all  generate 
the  preferential  motion  of  the  particles  according  to 
their  size,  shape  and  density.  One  mode  of  the  seg¬ 
regation  process  according  to  size  is  illustrated  in  Fig. 
2.  In  this  experiment,  chrome-plated  steel  balls  with 
a  bimodal  particle  size  distribution  were  placed  into 
a  vertical  cylindrical  column.  The  particle  size  ratio, 
a,  was  4.  Upon  vibration  of  the  bed  at  a  frequency  of 
7.5  Hz  and  with  an  amplitude  of  1.5  cm  for  a  duration 
of  30  s,  the  smaller  spheres  were  seen  to  percolate 
-downwards  to  completely  force  the  migration  of  the 
larger  spheres  to  the  top  of  the  column. 

Another  operation  which  generates  segregation  of 
particles  according  to  their  sizes  is  the  pouring  of  a 
mixture  of  multisized  particles  into  a  heap.  The  finer 
particles  percolate  through  the  moving  inclined  surface 
of  the  heap  while  the  coarser  particles  preferentially 
tumble  away  from  the  pouring  point  of  the  heap  [19]. 

Alonso  et  al.  [18]  defined  a  segregation  index,  5, 
based  on  analysis  of  the  free-surface  segregation  process: 


where  p  is  the  density  ratio  of  the  large  particles  to 
that  of  the  small  particles,  €  is  the  porosity,  and  is 
the  volume  fraction  of  large  particles.  If  5  is  less  than 
one,  the  large  particles  tend  to  behave  as  floaters,  rising 
to  the  top  of  the  system.  On  the  other  hand,  for  S 
greater  than  one,  the  large  particles  tend  to  sink  to 
the  bottom.  If  5  is  equal  to  one,  segregation  should 
not  take  place. 

At  low  concentrations  of  large  particles,  Eq.  (7) 
reduces  to 


(8) 


At  high  concentrations  of  larger  particles,  i.e.  as 
approaches  1,  Eq.  (7)  indicates  that  the  segregation 
index,  S  becomes  less  than  one: 
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Fig.  2.  Demonstration  of  segregation  of  metal  spheres  with  a“4  in 
a  transparent  container. 


(9) 


Eq.  (9)  suggests  that  segregation  under  such  conditions 
is  principally  controlled  by  the  percolation  of  the  smaller 
particles  through  the  larger  ones,  regardless  of  the 
density  of  the  larger  particles. 


3.  Experimental 

the  packing  and  segregation  experiments  were  con¬ 
ducted  with  ball  bearings,  glass  spheres  and  melamine 
powder.  Chrome-plated  steel  ball  bearings  of  diameter 
6.35  mm,  3.175  mm  and  12.7  mm  were  used.  These 
ball  bearings  were  obtained  from  McMaster  Carr  (NJ, 
USA).  The  ball  bearings  had  an  average  diameter 
deviation  of  ±2.54  /im. 

Five  different  grades  of  glass  particles  were  prepared 
by  sieving  of  soda-lime  glass  spheres  procured  from 
Potter  Industry  Inc.  The  mean  particle  diameter,  stan¬ 
dard  deviation  and  the  range  of  the  distributions  are 
shown  in  Table  1. 


Table  1 

Mean  diameter,  standard  deviation  and  range  of  panicle  sizes  in 
the  five  grades  of  glass  spheres  used  in  the  study 


Material 

Mean  diameter 
(/im) 

Standard  deviation 
(mhi) 

Range 

(mhi) 

Glass  #1 

139 

47 

40-300 

Glass  #2 

133 

44 

40-300 

Glass  #3 

11 

4.3 

4-30 

Glass  #4 

219 

51 

12CM00 

Glass  #5 

81.5 

9.1 

65-100 

Fig.  3.  SEM  micrograph  of  the  melamine  powder. 

Finally,  a  melamine  powder  was  also  used  in  the 
packing  and  segregation  experiments.  The  melamine 
powder  was  in  the  form  of  nonspherical  particles,  with 
typical  aspect  ratios  of  around  2,  with  a  standard 
deviation  of  0.22.  A  scanning  electron  micrograph  of 
the  melamine  powder  is  shown  in  Fig.  3.  The  equivalent 
diameters  of  the  particles  were  obtained  using  the 
Automatix  image  analysis  program,  which  determined 
for  each  particle  the  distances  from  the  center  of  the 
particle  to  the  perimeter  (following  the  change  in 
curvature  with  respect  to  a  fixed  coordinate  system). 

3.1.  Packing  e^eriments 

In  order  to  study  the  packing  of  unimodal  and  bimodal 
glass  and  metal  spheres,  Plexiglas  tubes  of  various 
diameters  were  used.  These  were  connected  to  a  sieve 
shaker  (CE  Tyler  Combustion  Engineering  Inc.)  with 
special  adapters.  The  frequency  and  the  amplitude  used 
during  the  operation  of  the  sieve  shaker  were  7.5  Hz 
and  1.5  cm,  respectively. 
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The  tubes  were  filled  with  preweighed  powder  to  an 
^  initial  height  of  7  cm.  The  total  volume  of  the  sample 
under  the  initial  loosely  packed  conditions  was  noted. 
The-tube  containing  the  powder  was  shaken  at  constant 
frequency  and  amplitude  until  the  sample  reached 
minimum  height.  As  a  second  method  to  determine 
the  volumes  occupied  by  the  powder  and  the  voids, 
water  was  filled  to  the  minimum  packed  height  and 
the  column  was  weighed.  The  above  experimental  pro¬ 
cedure  was  repeated  for  cylindrical  containers  with 
different  diameters.  The  packing  fraction  of  the  uniform 
spheres  was  calculated  using  the  method  of  extrapolation 
suggested  by  Scott  [3].  Cylindrical  containers  with  di¬ 
ameters  greater  than  2.54  cm  were  large  enough  to 
eliminate  the  wall  effect.  For  the  glass  and  metal  spheres, 
the  majority  of  the  experiments  were  conducted  in  a 
cylindrical  container  with  a  diameter  of  5.715  cm. 

3.2.  Segregation  experiments 

In  order  to  study  the  segregation  of  solid  powders 
subject  to  vibration,  a  simple  segregation  apparatus  was 
built.  The  apparatus  consisted  of  a  cylindric^  container, 
which  was  installed  on  the  sieve  shaker,  equipped  with 
openings  at  different  heights  from  the  base.  The  ar¬ 
rangement  facilitated  the  (X)llection  of  specimens  at 
different  heights  without  disturbing  the  rest  of  the 
column  of  solid  powder.  The  three  openings  in  the 
main  tube  were  initially  kept  plugged  during  the  shaking. 
A  sample  thief  was  used  to  collect  samples  from  the 
colunm  at  three  different  heights  during  the  experiment. 
These  locations  were  0.02,  0.06  and  0.10  m  from  the 
base  of  the  apparatus  and  are  designated  ‘Bottom’, 
‘Middle’,  and  ‘Top’. 

In  the  case  of  glass  spheres,  the  samples  collected 
from  these  locations  were  sieved  and  analyzed  to  obtain 
the  relative  percentages  of  the  size  fractions  which 
were  designated  as  the  small  and  large  glass  spheres. 
On  the  other  hand,  a  scanning  electron  microscope 
(SEM)  was  used  to  characterize  particle  size  distri¬ 
butions  of  the  melamine  samples,  the  samples  obtained 
from  the  segregation  apparatus  were  mounted  on  brass 
and  aluminum  sample  holders  using  a  double-sided 
conductive  adhesive  carbon  tape.  The  micrographs  of 
the  powder  samples  were  obtained  at  magnifications 
of  between  200  and  7500. 


4.  Results  and  discussion 

The  maximum  packing  fraction  values  of  the  uniform 
steel  balls  determined  according  to  the  method  of  Scott 
[3]  are  summarized  in  Table  2.  The  maximum  packing 
fractions  obtained  upon  successive  multiple  trials  for 
chrome  plated  steel  balls  with  different  diameters  are 
shown  in  Table  2.  These  experimental  values  were 


Table  2 


Packing  of  spheres:  experiment  vs.  theory 


Material 

Mean  diameter 
(mm) 

Experimental 

^tum 

Theoretical 

4>mmx 

Steel 

3.2 

0.63 

0.619 

Steel 

6.4 

0.63 

0.619 

Steel 

12.7 

0.64 

0.619 

Glass  #1 

139 

0.65 

0.648 

Glass  #2 

133 

0.65 

0.648 

based  on  29,  18  and  10  trials  for  chrome-plated  steel 
balls  with  diameters  of  3.175  mm,  6.35  mm  and  12.7 
mm  respectively.  The  packing  values  obtained  were 
vrithin  1.5%  of  each  other.  These  experimental  values 
agree  well  with  those  reported  in  the  literature. 

The  experimentally  determined  maximum  packing 
fraction  values  of  the  glass  spheres  are  also  included 
in  Table  2.  Due  to  the  fact  that  the  glass  spheres  used 
exhibit  a  wide  size  distribution,  their  packing  fraction 
values  are  expected  to  be  greater  than  that  of  unimodal 
spheres  [4].  Glass  #1  exhibited  an  experimental  max¬ 
imum  packing  fraction  of  0.65,  while  Glass  #2  also 
exhibited  an  experimental  maximum  packing  fraction 
of  0.65.  From  the  known  particle  size  distributions,  the 
maximum  packing  fractions,  were  calculated  on 
the  basis  of  the  Ouchiyama  and  Tanaka  relationship, 
i.e.  Eq.  (1),  and  are  shown  in  Table  2.  Good  agreement 
between  the  experimental  results  and  the  Ouchiyama 
and  Tanaka  model  was  obtained  when  the  radius  of 
the  cylindrical  containers  used  exceeded  2.54  cm,  i.e. 
column  diameter  to  particle  diameter  ratio  was  greater 
than  100,  at  which  dimensions  the  wall  effects  were 
negligible. 

The  packing  fraction  values  obtained  experimentally 
with  glass  spheres  which  exhibited  an  approximate  size 
ratio  of  7  are  compared  with  other  experimental  results 
available  in  the  literature  and  with  the  theory  of  Ouchi¬ 
yama  and  Tanaka  [6-8]  in  Fig.  4.  Our  experimental 
results  are  also  presented  in  the  format  used  for  bimodal 
size  distributions,  i.e.  packing  fraction  as  a  function  of 
the  volume  percent  of  smaller  spheres,  for  convenience. 
The  diameter  ratio,  a  of  7  was  obtained  experimentally 
by  mixing  glass  sample  designated  as  #3  with  #5  (Table 
1)  and  a  ratio  of  20  was  obtained  by  mixing  glass 
sample  #3  with  #4.  The  experimental  data  are  reported 
in  terms  of  95%  confidence  intervals  determined  ac¬ 
cording  to  Student’s  t-distribution,  based  on  three  trials 
for  each  volume  fraction.  The  experimental  behavior 
is  very  well  represented  by  the  theory  of  Ouchiyama 
and  Tanaka  [6^].  The  two-region  model  represented 
by  Eqs.  (1)  and  (6)  fit  the  data  well,  indicating  that 
indeed  the  behavior  is  represented  by  two  separate 
regions.  The  maximum  packing  fraction,  i.e.  0.775,  occurs 
at  a  volume  fraction  of  small  spheres  of  0.20. 
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Fig.  4.  Packing  density  of  glass  spheres  with  a =7.  Larger  spheres 
from  Glass  #5  and  smaller  spheres  from  Glass  #3. 
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Fig.  5.  Packing  density  of  glass  spheres  with  a  >*20,  Lc.  larger  spheres 
(Glass  #4)  and  smaller  spheres  (Glass  #3.). 

The  comparisons  of  the  experimental  results  obtained 
with  glass  spheres  with  an  approximate  diameter  ratio 
of  20  with  the  other  available  experimental  results  and 
the  theory  of  Ouchiyama  and  Tanaka  are  shown  in 
Fig.  5.  Tho  maximum  packing  fraction  occurs  at  a 
volume  fraction  of  small  spheres  of  about  0.25.  The 
value  of  the  maximum  pacing  fraction  for  a =20,  i.e. 
0.83,  is  significantly  greater  than  that  determined  at 
a =7.  The  experimental  results  for  glass  were  obtained 
using  five  trials  for  each  volume  fraction.  Due  to  the 
excellent  reproducibility  of  the  experiments,  the  re¬ 
sulting  confidence  intervals  were  too  tight  to  appear 
on  the  plot. 

The  validity  of  the  two-region  model  is  again  indicated. 
However,  the  experimental  results  obtained  at  a =20 
do  not  agree  with  the  theory  of  Ouchiyama  and  Tanaka 
as  well  as  they  did  at  the  particle  size  ratio,  a,  of  7. 


As  will  be  suggested  in  the  following  section,  these 
differences  are  associated  with  particle  segregation  ef¬ 
fects,  which  are  enhanced  for  the  greater  particle  size 
ratio  of  20. 

4.1.  Segregation 

The  results  of  the  segregation  experiment  for  the 
glass  spheres  are  shown  in  Fig.  6  for  a =7.  The  volume 
percentage  of  small  spheres  as  a  function  of  location 
in  the  packing  apparatus  is  presented.  Here,  the  volume 
percent  of  smaller  spheres  represent  all  spheres  which 
have  diameters  between  4  and  30  and  the  volume 
fraction  of  the  larger  spheres  represents  all  spheres 
between  65  and  100  /xm  in  diameter.  For  comparison 
purposes,  the  volume  percentage  of  the  small  spheres 
of  the  original  mixture  is  included.  The  volume  per¬ 
centage  of  larger  spheres  at  the  same  locations  are 
also  given  in  Fig.  6. 

The  volume  percentage  of  the  small  spheres  increases 
from  the  top  to  the  bottom  upon  vibration.  The  cylinder 
contains  13%  of  small  spheres  at  the  top,  19%  at  the 
middle,  and  21%  at  the  bottom  (by  volume).  The  large 
spheres  make  up  the  remainder  at  each  location  in  the 
cylinder.  The  percentage  of  larger  spheres  increases 
from  about  79%  at  the  bottom  to  about  87%  at  the 
top  of  the  cylinder.  These  results  clearly  indicate  the 
segregation  of  the  mixture  according  to  size  by  the 
percolation  of  the  small  spheres  through  the  larger 


TOP  MIDDLE  BOTTOM 

(a)  LOCATION 


TOP  MIDDLE  BOTTOM 

(b)  I  LOCATION 

Fig.  6.  Results  demonstrating  the  segregation  of  a  column  of  mul¬ 
timodal  glass  spheres  upon  vibration;  (a)  large  spheres,  (b)  small 
spheres;  (-o-)  unsegregated,  (•)  segregated. 
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p  spheres. 

Segregation  changes  the  packing  fraction  of  different 
*  layers  in  the  column.  The  material  found  at  the  top 
portion  of  the  tube  would  generate  a  theoretical  packing 
fraction  of  0.71.  The  middle  portion  of  the  cylinder 
generates  a  maximum  packing  fraction  of  0.76,  while 
the  sample  found  at  the  bottom  of  the  cylinder  would 
generate  a  packing  fraction  of  0.77.  These  results  suggest 
that  experimental  techniques  designed  to  experimentally 
determine  the  packing  density  of  particulates  can  them¬ 
selves  be  subject  to  segregation  effects.  The  segregation 
of  particles  according  to  size  can  generate  zones  of 
material  with  packing  fractions  which  are  very  different 
than  the  expected  particle  density  for  the  entire  column. 

Such  a  variation  in  maximum  packing  fraction,  for 
example  in  a  hopper  which  feeds  powders  into  a  con¬ 
tinuous  processing  operation,  would  generate  a  time- 
dependent  fluctuation  of  the  packing  density  and  hence 
give  rise  to  the  deterioration  of  the  quality  of  the 
product.  Various  large-scale  powder  processing  tech¬ 
nologies  designed  to  better  handle  powders  in  feeding 
through  hoppers,  for  example  those  which  purposely 
induce  the  vibration  of  the  bed  of  solids,  could  give 
rise  to  such  segregation  of  the  particles. 

The  segregation  index  values  given  by  Eq.  (7)  for 
the  case  of  density-matched  spheres  with  e— 0.20  and 
V^—0.S  were  found  to  be  0.79  and  0.71  for  a=7  and 
20,  respectively.  On  the  basis  of  these  segregation 
parameter  values,  it  was  expected  that  for  both  cases 
the  larger  particles  will  tend  to  rise  to  the  top.  Also, 
as  a  increases  the  segregation  index  decreases,  which 
means  that  separation  of  the  mixture  will  be  more 
pronounced,  as  indeed  is  observed  experimentally. 

So  far  the  discussion  has  concentrated  on  spherical 
particles.  However  most  industrial  materials  consist  of 
nonspherical  particles.  Milewsld  [13]  studied  experi¬ 
mentally  the  packing  of  rods  and  spheres  and  determined 
that,  for  rods,  as  the  aspect  ratio  increases  the  <f>^^ 
decreases.  Debbas  and  Rumpf  [5]  studied  packed  beds 
with  irregularly  shaped  particles.  They  found  that  the 
finer  nonspherical  particles  segregate  to  the  bottom 
gradually. 

The  results  of  the  experiments  conducted  with  me¬ 
lamine  powder  following  the  same  procedures  as  those 
of  glass  spheres  are  shown  in  Fig.  7.  The  cumulative 
plots  of  particle  size  vs.  volume  fraction  for  each  section 
of  the  cylinder  are  shown.  All  three  sections  contain 
comparable  amounts  of  particles  with  diameters  less 
than  20  /im.  In  the  20  to  40  /im  radius  range,  the 
distributions  of  the  top  and  middle  portions  of  the 
cylinder  are  similar,  whereas  the  bottom  contains  fewer 
particles  which  are  in  this  size  range.  The  top  section 
contains  a  significant  quantity  of  particles  with  equiv¬ 
alent  diameters  greater  than  70  fim,  as  shown  in  Fig. 

4*  7. 


EQUIVALENT  PARTICLE  RADIUS  (IN  MICRONS) 

Fig.  7.  Particle  size  distribution  of  melamine  powder  found  at  various 
locations  of  the  cylinder. 

The  top  section  of  the  cylinder  consists  of  a  large 
portion  of  small  particles  (60%  by  volume  under  30 
fim)  and  a  significant  proportion  of  large  particles  (20% 
by  volume  over  60  /tm).  The  large  amount  of  small 
particles  in  the  top  section  may  be  attributed  to  the 
elutriation  segregation  mechanism  [14],  which  occurs 
principally  due  to  the  displacement  of  air.  During 
pouring  of  the  particles  into  the  column,  the  velocity 
of  the  displaced  air  may  equal  or  exceed  the  terminal 
fall  velocity  of  the  particles.  A  cloud  of  fine  particles 
eventually  settles  and  forms  a  layer  at  the  top  of  the 
column.  With  vibration,  this  creates  a  dusting  effect  at 
the  top  of  the  column.  On  the  other  hand,  the  increase 
in  the  large  size  particles  in  this  section  indicates  that 
the  asymmetric  particles  also  segregate  according  to 
particle  size  in  a  manner  similar  to  that  observed  with 
spherical  particles.  Overall,  the  packing  fraction  de¬ 
termined  for  the  melamine  powder  was  only  0.5,  re¬ 
flecting  the  diflSculty  of  achieving  high  packing  density 
values  with  particles  which  exhibit  aspect  ratios  greater 
than  one. 


5.  Conclusions 

The  validity  of  theory  of  Ouchiyama  and  Tanaka 
[6-8]  in  predicting  the  packing  density  of  spherical, 
noncohesive  particles  is  further  demonstrated  with 
spherical  particles  consisting  of  bimodal  and  multimodal 
particle  size  distributions.  However,  it  is  also  dem¬ 
onstrated  that  experimental  techniques  aiming  to  de¬ 
termine  the  packing  density  of  powders  are  themselves 
subject  to  segregation  effects. 

The  segregation  of  spherical  glass  and  melamine 
particles  according  to  size  generated  a  significant  vari¬ 
ation  in  the  volume  fractions  of  the  smaller  and  large 
spheres  in  a  cylindrical  column  subjected  to  axial  vi- 
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bratioD.  For  both  spherical  and  nonspherical  particles, 
the  top  of  the  column  contained  a  significant  portion 
of  the  larger  particles  as  well  as  a  sizable  portion  of 
the  smallest  particles.  This  behavior  is  linked  to  seg¬ 
regation  of  particles  according  to  size,  on  the  basis  of 
the  downward  movement  of  smaller  particles  and  elu- 
triation  segregation  of  the  smallest  particles  due  to 
their  entrainment  in  air.  Overall,  these  results  again 
illustrate  the  importance  of  the  minimization  of  con¬ 
ditions  which  could  lead  to  particle  segregation  during 
large-scale  processing  of  powdery  materials. 
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D,  average  diameter  of  the  particles 

Di  diameter  of  the,/th  particle 

fi  number  fraction  of  the  zth  component 
S  segregation  index 

Vc  volume  fraction  of  large  particles 

Vi  volume  fraction  of  the  zth  component 

Greek  letters 

a  ratio  of  diameters  of  spheres  (large  to  small) 
p  parameter  given  by  Eq.  (2) 

€  porosity 


p  density 

<f)  packing  fraction 

<}>^^  maximum  packing  fraction 

maximum  packing  fraction  of  uniform  spheres 

4)^  maximum  packing  fraction  given  by  Eq.  (6) 
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[57]  ABSTRACT 

An  improved  rheometer  of  the  present  invention  in¬ 
cludes  an  adjustable  gap  through  which  a  flowing  sys¬ 
tem  is  forced.  The  inner  cavity  dimension  of  the  gap  is 
variable  so  as  to  give  a  user  of  the  rheometer  an  ability 
to  vary  the  separation  gap  and  the  length  over  diameter 
ratio.  This,  in  turn,  allows  the  user  to  determine  the 
shear  rate  and  shear  stress  along  the  wall  of  the  cavity 
for  varying  deformation  rates.  Thus,  the  shear  viscosity 
of  the  flowing  system  can  be  characterized  for  non- 
Newtonian  systems  without  varying  the  volumetric 
flow  rate.  One  of  the  preferred  embodiments  of  the 
adjustable  gap  rheometer  is  a  slit  rheometer  in  which 
the  flowing  system  is  forced  through  a  slit  having  gen¬ 
erally  more  length  than  width  and  more  width  than  gap. 
The  slit  rheometer  is  made  adjustable  by  holding  the 
body  of  the  rheometer  stationary  while  moving  an  ad¬ 
justable  wall  which  forms  one  of  the  sides  of  the  slit 
Another  preferred  embodiment  of  the  adjustable  gap 
rheometer  includes  two  concentric  portions  comprising 
a  mandrel  portion  and  a  bushing  portion.  Axial  move¬ 
ment  of  one  of  the  portions  relative  to  the  other  varies 
the  separation  between  the  components. 
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ADJUSTABLE  GAP  RHEOMETER 


2 

Newtonian  flowing  systems  from  a  constant  flow  rate 
through  the  rheometer. 


BACKGROUND  OF  THE  INVENTION 

This  invention  relates  to  the  characterization  of  a 
flowing  system  such  as  a  fluid  or  a  mixture  of  fluids  or 
a  mixttire  of  liquids  with  gases  and/or  solids  by  deter¬ 
mining  the  rheological  properties  of  the  flowing  system. 
More  particularly,  the  invention  relates  to  an  improved 
rheometer  having  an  adjustable  inner  cavity  dimension 
so  that  properties  of  the  flowing  system  are  easily  var¬ 
ied  and  the  flowing  system  can  be  characterized  with¬ 
out  altering  the  volumetric  flow  rate  of  the  flowing 
system. 

Generally,  rheometers  operate  by  forcing  the  flowing 
system  to  be  characterized  through  a  die  at  a  constant 
volumetric  flow  rate  and  determining  specific  proper¬ 
ties  of  the  flowing  system  such  as  the  shear  rate  and 
shear  stress  of  the  flowing  system  at  the  wall  of  the  die 
in  order  to  determine  the  shear  viscosity.  These  proper¬ 
ties  are  characteristic  of  the  flow  and  deformation  be¬ 
havior  of  the  flowing  system.  The  shear  viscosity,  in 
particular,  is  the  most  important  rheological  property. 

The  flow  and  deformation  behavior  are  related  to 
primary  characteristics  of  the  flowing  system  such  as 
molecular  weight,  molecular  weight  distribution,  extent 
of  chain  branching  in  polymer  melts,  degree  of  cure  or 
conversion  in  a  reacting  system,  and  various  micro- 
structural  distributions  in  multiphase  systems.  The  mi- 
crostructural  distributions  include  the  size  distributions, 
locations  and  orientations  of  solid  components  in  the 
flow,  the  concentration,  shape,  surface  and  size  distribu¬ 
tions  of  liquid  droplets  and  the  content  and  size  distribu¬ 
tions  of  gaseous  components.  Thus,  characterization  of 
the  rheological  behavior  of  a  flowing  system  provides 
information  on  the  structure  of  the  system. 

The  rheological  properties  of  the  flowing  system  arc 
characterized  by  employing  material  functions  such  as 
wall  shear  stress  versus  deformation  rate  at  the  wall  or 
shear  viscosity  versus  deformation  rate  determined  on 
the  basis  of  well-defined  steady  flows. 

Rheometers  of  the  prior  art  include  capillary  or  slit 
rheometers.  They  operate  by  forcing  the  flowing  sys¬ 
tem  through  a  capillary  die  or  a  slit  die  at  a  specified 
volumetric  flow  rate  with  a  drive  mechanism  such  as  a 
piston  or  a  gear  mechanism. 

Because  shear  viscosity  of  a  non-Newtonian  flowing 
system  is  dependent  on  the  deformation  rate  of  the 
system,  characterization  of  a  non-Newtonian  flowing 
system  requires  that  shear  rate  and  shear  stress  values  be 
determined  at  multiple  deformation  rates  to  determine 
the  viscosity  over  the  deformation  range  of  interest. 
Conventional  rheometers  achieve  this  by  altering  the 
volumetric  flow  rate  into  the  rheometer.  In  this  way, 
properties  of  the  flowdng  system  such  as  the  shear  rate 
and  shear  stress  values  arc  altered,  and  it  is  possible  to 
determine  the  viscosity  of  the  particular  flowing  system 
of  interest  over  the  deformation  range  of  interest.  How¬ 
ever,  altering  the  flow  rate  can  change  the  structure 
and,  hence,  the  rheological  properties  of  the  flowing 
system  if  a  continuous  process  is  used  to  deliver  the 
flowing  system  to  the  rheometer.  This  distorts  the  re¬ 
sults  of  the  rheological  study.  Further,  generating  mul¬ 
tiple  flow  rates  requires  equipment  w'hich  is  both  cum¬ 
bersome  and  expensive.  Thus,  a  need  exists  for  a  rheom¬ 
eter  which  can  determine  the  shear  viscosity  of  non- 


SUMMARY  OF  THE  INVENTION 

5  An  improved  rheometer  of  the  present  invention 
includes  an  adjustable  gap  through  which  the  flowing 
system  is  forced.  Tlic  inner  cavity  dimension  of  the  gap 
is  variable  so  as  to  give  a  user  of  the  rheometer  an  ability 
to  vary  the  separation  gap  and  the  length  over  diameter 
10  ratio.  This,  in  turn,  allows  the  user  to  measure  the  shear 
rate  and  shear  stress  along  the  wall  of  the  cavity  for 
varying  deformation  rates.  Thus,  the  shear  viscosity  of 
the  flowing  system  can  be  determined  for  non-New¬ 
tonian  systems  without  var>Tng  the  volumetric  flow 
15  rate. 

One  of  the  preferred  embodiments  of  the  adjustable 
gap  rheometer  is  a  slit  rheometer.  The  slit  rheometer 
comprises  a  gap  through  which  the  flowing  system  is 
forced  which  is  shap>ed  as  a  slit  having  generally  more 
20  length  than  width  and  more  width  than  gap.  The  slit 
rheometer  is  made  adjustable  by  holding  the  body  of  the 
rheometer  stationary  while  moving  an  adjustable  wall 
which  forms  one  of  the  sides  of  the  slit.  In  this  method, 
the  gap  dimension  is  made  variable. 

25  Another  preferred  embodiment  of  the  adjustable  gap 
rheometer  includes  two  concentric  portions  comprising 
a  mandrel  portion  and  a  bushing  portion.  Axial  move¬ 
ment  of  one  of  the  portions  relative  to  the  other  varies 
the  separation  between  the  components.  Thus,  the  gap 
30  between  these  portions  through  which  the  flowing  sys¬ 
tem  flows  can  be  altered  to  create  varying  deformation 
rates  of  the  flowing  system,  and  the  viscosity  can  be 
measured  from  measuring  the  shear  stress  of  the  flowing 
system  for  each  deformation  rate. 

35  The  advantages  of  the  adjustable  gap  rheometer  are 
many.  Hrst,  the  volumetric  flow  rate  of  the  flowing 
system  is  maintained  at  a  constant  rate,  thus  eliminating 
the  cost  of  expensive  equipment  required  to  alter  the 
flow  rate.  Even  more  importantly,  the  constant  flow 
40  rate  maintains  the  microstructure  of  flowing  systems 
that  arc  sensitive  to  the  thermo-mechanical  history  to 
which  they  are  exposed  during  processing  (especially 
multi-phase  flowing  systems)  before  they  arrive  at  the 
separation  gap  of  the  rheometer.  Thus,  the  rheological 
45  behavior  of  the  flowing  system  is  maintained  during 
pre-gap  processing,  and  the  shear  viscosity  of  the  flow¬ 
ing  system  is  measured  with  greater  accuracy. 

Another  advantage  of  the  adjustable  gap  rheometer  is 
the  ability  to  “structure”  the  materi^  that  flows 
50  through  it  by  altering  the  defonnation  rates  imposed  on 
the  flowing  systems.  Structuring  the  flowing  material 
comprises  altering  the  microstructural  distributions  of 
the  components  of  the  flowing  system.  The  deformation 
rate  imposed  on  the  flowing  system  created  by  the  par- 
55  ticular  gap  through  which  the  system  flows  alters  the 
distribution  of  system  components  and  hence,  alters  the 
microstructural  distribution.  Thus,  by  sending  the  flow¬ 
ing  system  through  the  adjustable  gap  rheometer,  vari¬ 
ous  microstructural  features  of  the  system  can  be  deter- 
60  mined  for  a  particular  flowing  system.  These  features 
can  be  characterized  by  techniques  such  as  computer 
aided  tomography,  magnetic  resonance  imaging,  acous¬ 
tic  emission  techniques,  infrared  imaging,  and  others. 
These  microstructural  features  of  the  flowing  system 
65  can  later  be  used  to  create  better  flowing  systems  with 
improved  microsiructure,  and,  hence,  better  ultimate 
properties,  to  better  understand  the  particular  flowing 
system,  or  to  help  design  better  experiments  which  can 
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accommodate  for  the  new  mic^ostnicture  distribution 
so  as  to  more  accurately  characterize  the  rheological 
properties  of  the  flowing  system. 

An  additional  advantage  includes  the  ease  with 
which  the  rheometer  can  be  adjusted  (as  opposed  to  5 
prior  art  techniques  requiring  a  complete  replacement 
or  adjustment  of  the  die  upon  stopping,  and  removal  of 
the  die  of  the  rheometer  at  great  expense  and  effort). 


BRIEF  DESCRIPTION  OF  THE  FIGURES 


10 


These  and  other  objects,  features,  elements  and  ad¬ 
vantages  of  the  invention  will  be  more  readDy  apparent 
from  the  following  description  of  the  invention  in 
which: 

FIG.  1  is  a  diagrammatic  representation  of  one  em-  ]5 
bodiment  of  an  adjustable  gap  rheometer. 

FIG.  2  is  a  cross-sectional  view  of  the  embodiment  of 
the  adjustable  gap  rheometer  depicted  in  FIG.  1  taken 
at  Section  line  2—2. 

FIG.  3  is  a  diagrammatic  view  of  another  embodi-  20 
ment  of  an  adjustable  gap  rheometer. 

DETAILED  DESCRIPTION  OF  THE 
PREFERRED  EMBODIMENT 

A  slit  rheometer  measures  viscosity  of  a  flowing  sys-  25 
tern  by  measuring  the  apparent  flowing  system  shear 
rate  (7)  as  defined  by 


30 


where  Q  is  the  volumetric  flow  rate,  W  is  the  width  of 
the  slit,  and  H  is  the  separation  gap  of  the  slit;  and  the 
shear  stress  (th^)  of  the  flowing  system  at  the  wall  of  the 
slit  as  defined  by  35 

where  L  is  the  slit  length  over  which  the  shear  stress  is  40 
measured,  and  AP  is  the  pressure  drop  over  the  slit 
length  of  the  fully  developed  flow.  Known  corrections 
which  are  dependent  on  the  wall  shear  stress  versus 
apparent  shear  rate  behavior  of  the  flowing  system  are 
applied  to  the  apparent  shear  rate  to  determine  true  45 
shear  rate  at  the  wall,  yw^  Shear  viscosity  (17)  is  defined 
by 


rw 

yw 


50 


To  determine  the  shear  viscosity  of  a  non-Newtonian 
fluid  (i.e,,  a  fluid  wherein  the  shear  viscosity  is  depen¬ 
dent  on  the  deformation  rate),  the  shear  viscosity  v^ues 
must  be  determined  at  multiple  deformation  rates. 

To  alter  the  deformation  rate  of  the  flowing  system, 
the  separation  gap,  H,  of  the  rheometer  is  altered.  Thus, 
with  a  constant  flow  rate,  Q,  the  shear  viscosity,  tj,  of 
the  flowing  system  can  be  determined.  The  rheometer 
of  the  invention  can  characterize  the  complete  rheologi-  60 
cal  behavior  of  the  flowing  system  over  a  broad  range 
of  deformation  rates,  typically  0.01  to  5,000  s~^ 

FIGS.  1  and  2  depict  an  embodiment  of  an  adjustable 
gap  rheometer  of  the  invention  comprising  a  slit  die 
rheometer.  The  rheometer  1  comprises  a  stationary  65 
section  2  and  a  moveable  section  4  which  form  the 
rheometer  slit  therebetween.  In  the  alternative,  the 
stationary  and  moveable  sections  can  be  reversed  to 


achieve  the  same  result.  The  moveable  section  has  two- 
directional  vertical  movement  and  is  driven  by  a  step¬ 
per  motor  6  or  by  other  such  mechanisms.  Movement  of 
the  moveable  section  4  increases  or  decreases  the  sepa¬ 
ration  gap,  H,  of  the  rheometer,  thus  varying  the  defor¬ 
mation  rate  of  the  flowing  system. 

The  rheometer  includes  a  plurality  of  flow  property 
measuring  devices  8  such  as  pressure  transducers,  shear 
stress  transducers,  optical  windows  and  temperature 
thermocouples.  Heating/cooling  circulation  channels 
10  through  which  heat  transfer  fluids  can  be  circulated 
at  a  desired  temperature  and  rate  maintain  a  constant 
temperature  in  the  system.  Cartridge  type  heaters  12  arc 
also  provided  for  better  temperature  control.  Gasket 
elements  14  positioned  adjacent  the  moveable  section  4 
prevent  the  fluid  from  leaking  out  of  the  slit.  These 
gasket  elements  can  comprise  a  sealing  material  such  as 
a  teflon  material  to  create  a  strong  seal. 

The  flowing  system  to  be  tested  is  forced  through  the 
rheometer  at  a  constant  flow  rate,  Q,  which  is  generated 
by  a  continuous  processor  16  such  as  a  single  or  twin 
screw  extruder  or  kneader  which  is  run  at  the  starved 
mode.  The  processor  is  externally  controlled  by  feeding 
it  at  a  constant  flow  rate.  Alternatively,  the  flow  rate 
could  be  generated  by  a  gear  pump  installed  in-line  to 
feed  the  flowing  system  at  a  constant  flow  rate. 

The  constant  volumetric  flow  rate  is  essential  to 
maintain  a  constant  processing  history  of  the  flow, 
which,  in  turn,  maintains  a  constant  microstructural 
distribution  in  the  flowing  system  prior  to  entry  into  the 
separation  gap.  The  microstructural  distribution  in  the 
flow  will  determine  the  response  of  the  flowing  system 
to  a  deformation  rate,  and  will,  therefore,  affect  the 
accurate  characterization  of  the  rheological  properties 
of  the  flowing  system.  Thus,  the  ability  to  run  the  rhe¬ 
ometer  at  a  constant  flow  rate  will  produce  a  more 
accurate  determination  of  the  shear  viscosity. 

Another  embodiment  of  the  invention  is  depicted  in 
FIG.  3.  The  rheometer  20  comprises  a  concentric  ar¬ 
rangement  of  a  mandrel  22  and  bushing  24.  The  struc¬ 
ture  20  comprises  a  mandrel  22  which  is  tapered  at  a 
Sf>ccific  incline  angle  (for  example  8*),  which  is  move- 
able  within  a  die  bush^g  24,  which  can  be  tapered  at  a 
generally  larger  angle  than  the  mandrel  (for  example 
9*).  Alternatively,  the  mandrel  taper  angle  and  bushing 
taper  angle  could  be  the  same.  The  taper  angles  may  be 
maintained  at  less  than  10*  to  preserve  the  simplified 
flow  field  which  allows  for  better  characterization  of 
rheological  properties.  Between  the  mandrel  22  and  the 
bushing  24  is  a  separation  gap,  H,  through  which  a 
flowing  system  is  forced  in  order  to  determine  its  rheo¬ 
logical  properties.  Stepper  motor  26,  is  coupled  to  the 
mandrel  22  via  a  rod  or  screw  28  to  provide  two-direc- 
tional  linear  displacement  of  the  mandrel.  This,  in  turn, 
increases  or  decreases  the  separation  gap,  H,  between 
the  mandrel  22  and  bushing  24  by  an  amount  which  is  a 
function  of  the  difference  between  the  taper  angles  of 
the  mandrel  and  the  bushing,  and  the  linear  displace¬ 
ment  of  the  mandrel  within  the  bushing. 

As  in  the  case  of  the  embodiment  of  FIG.  1,  changing 
the  separation  gap,  H,  of  the  rheometer  of  FIG.  3  will 
change  the  wall  deformation  rate  of  the  flowing  system 
and  thus  will  allow  for  the  calculation  of  the  shear 
viscosity  of  a  non-Newtonian  fluid.  The  rheometer 
includes  a  plurality  of  flow  property  measuring  devices 
including  pressure  transducers,  shear  stress  transducers, 
temperature  thermocouples  and  optical  windows,  all 
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14.  The  adjustable  gap  rheometer  according  to  claim 
1  further  comprising  heaters  to  control  the  temperature 
of  the  flowing  system. 

15.  The  adjustable  gap  rheometer  according  to  claim 
1  wherein  said  means  for  moving  at  least  part  of  said 
first  or  second  portion  comprise  a  stepper  motor. 

16.  The  adjustable  gap  rheometer  according  to  claim 
1  further  providing  means  for  maintaining  a  constant 
volumetric  flow  rate  in  the  flowing  system. 

17.  An  improved  method  of  performing  rheological 
studies  comprising: 

providing  an  adjustable  gap  rheometer  comprising  a 
first  portion  and  a  second  portion  which  form  a 
separation  gap  therebetween: 


adjusting  said  separation  gap  of  said  adjustable  gap 
rheometer  by  moving  at  least  a  part  of  said  first 
portion,  said  second  portion  or  both  portions  of 
said  adjustable  gap  rheometer; 

5  moving  a  flowing  system  having  a  constant  volumet¬ 
ric  flow  rate  through  said  separation  gap;  and 
measuring  properties  of  the  flowing  system  so  as  to 
characterize  the  flowing  system  at  that  predeter¬ 
mined  separation  gap. 

10  18.  The  method  according  to  claim  17  further  com¬ 

prising  determining  the  structure  of  the  flowing  system 
by  utilizing  microstructural  characterization  techniques 
including  computer  aided  tomography,  magnetic  reso¬ 
nance  imaging,  acoustic  emission  techniques  and  infra- 

15  red  imaging. 

***** 
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t  To  whom  correspondence  should  be  addressed. 


